Abstract-Vertical single-walled carbon nanotubes (vSWCNTs) are synthesized within highly ordered porous anodic alumina (PAA) templates supported on Si substrates. A process for obtaining thin-film PAA with long-range ordered nanopores is presented in this paper. Each nanopore contains at most one v-SWCNT that is supported by a dielectric and addressed by electrochemically formed Pd nanowire source contacts and evaporated Pd drain contacts. Characteristics of these completely vertical, two-terminal nanotube devices are presented. Control of the v-SWCNT length is demonstrated using a straightforward etching process with lengths of less than 100 nm achieved without the need for complex/expensive lithography. This effective nanoscale length control of highly ordered v-SWCNTs provides a practical basis for the realization of CNT-based nanoelectronics.
I. INTRODUCTION
T HE UNIQUE properties of single-walled carbon nanotubes (SWCNTs), such as 1-D electrostatics and equal electron and hole effective masses, make them ideal for many nanoelectronic applications, from interconnects to FETs. With ballistic transport attainable and high current-carrying capacity, SWCNTs could enable the fastest and most robust electronics to date. However, as with most nanomaterials studied in the last decade, control of the placement and addressability of SWCNTs still precludes their integration in practical applications. Recent progress has been reported on the planar alignment of SWCNTs on a substrate via directed growth techniques [1] - [3] , which offer improved control over the SWCNTs directionality; however, definition of the lateral density of the planar SWCNTs remains a challenge, with a best reported controlled density to date of ten SWCNTs per linear micrometer [2] . Also, as the SWCNTs be-come more densely packed, the spacing between them becomes less controlled [3] , and the final devices can suffer from inhomogeneous charge screening effects between the SWCNTs [4] , [5] . Furthermore, control of SWCNT length, which would serve as the channel length in a self-aligned FET, still requires advanced lithographic processes with high costs and low throughput that are not amenable to large-scale integration.
Nanoporous templates are becoming attractive for supporting nanomaterials, and improving their placement and addressability. These nanoporous templates can serve a variety of purposes from templating the synthesis of a nanomaterial [6] , [7] to providing a support for in situ device fabrication [8] . The growth of SWCNTs from thin-film porous anodic alumina (PAA) templates has been recently achieved with a yield of not more than one SWCNT per pore [7] , [9] . However, achieving highly ordered pores by anodization of Al requires several micrometers of Al and a two-step anodization process, as the initial nucleation of the pores is controlled by defects in the Al surface. The thicknesses of smooth Al films obtained by physical vapor deposition are generally insufficient to obtain the degree of pore order in PAA that is characteristic of PAA fabricated by two-step anodization of Al foil or bulk Al [10] .
Herein, we present a new process for obtaining well-ordered thin-film PAA, which serves as the template for synthesizing completely vertical SWCNTs (v-SWCNTs). These selfaligned v-SWCNTs differ from previously reported SWCNTs in PAA [9] as these are completely vertical and confined to their nanopores without a lateral extension above the surface, and they have a potential density of 115 SWCNTs/µm 2 with an SWCNT-SWCNT spacing of 100 nm. Source and drain contacts are established using electrochemical and physical vapor deposition, respectively. The length of the v-SWCNTs is controlled using simple deposition and/or etching techniques with a variability of ±10 nm over hundreds of devices-for the first time, nanoscale length SWCNT devices have been realized without the need for any lithographic patterning of the SWCNTs. For verification of the semiconducting nature of the SWCNTs synthesized from these PAA templates, planar FETs are fabricated that demonstrate modulation of the channel current over more than five orders of magnitude.
II. DEVICE FABRICATION
The process for obtaining highly ordered PAA thin films and subsequently synthesizing v-SWCNTs within the nanopores is shown in Fig. 1 with schematics and field emission SEMs. On an Si substrate, the following film stack is thermally evaporated: 100 nm Ti/100 nm Al/1 nm Fe/300 nm Al. Polymethyl-methacrylate (PMMA) resist is then applied, and a hexagonally arranged pattern is exposed using electron beam lithography (EBL). Even though EBL is used for the demonstration herein, this redundant pattern can be produced at the wafer scale using nanoimprint or interference lithography, for example [11] . After development, the hexagonal pattern is transferred to the Al surface by a 25 s wet etch using Transene Al-etchant type A at room temperature with moderate agitation. The resulting pits in the Al surface [observed in Fig. 1(e) ] serve as the nucleation sites for pore formation in an electrochemical anodization. In 0.3 M oxalic acid, the samples were anodized at 40 V until the current decreased from the range of several milliamperes to several microamperes, indicating the complete anodization of the Al layers to form PAA. Microwave plasma-enhanced chemical vapor deposition (MPCVD) was subsequently used to synthesize the SWCNTs [7] , which nucleate at the embedded Fe layer within the pores and grow vertically to the PAA surface with a yield of not more than one SWCNT per pore, as reported previously [7] , [9] . Note that the Fe catalyst used in this paper is thinner than in a previous study [7] , and this catalyst is expected to predominantly yield single-walled nanotubes by decreasing the catalyst particle size [12] . The density of SWCNTs in the present templates was kept extremely low by growing for times of 1 min or less in order to facilitate the testing of single (or few) nanotube devices per 100 µm 2 contact area-prior study has shown the ability to increase the SWCNT density when needed [12] . The inset of Fig. 1(f) shows SWCNTs that have grown beyond the top of their nanopore and are extending along the PAA surface. The protruding portions of the SWCNTs are removed in a subsequent etch to leave only the vertical channels of v-SWCNTs within the nanopores. The spacing between nanopores in the hexagonally arranged template is 100 nm, which yields a potential v-SWCNT density of 115 SWCNTs/µm 2 . Source contacts to the v-SWCNTs were made by electrochemically depositing Pd nanowires within the PAA pore bottoms, as described previously [6] , [13] . The standard deviation in the length of these nanowires has been reported to be 4% [6] or less than 10 nm in the present case. A spin-on glass (SOG) dielectric (Honeywell 214) was then applied at 6000 r/min for 30 s followed by a 450
• C cure in N 2 for 1 h to support each v-SWCNT within its respective pore. The SOG fills the pores, provides a passivating dielectric support of the v-SWCNTs, and forms a planar layer on the PAA surface that is ≈180 nm thick.
Removal of this surface SOG was accomplished using an inductively coupled plasma reactive ion etcher (ICP-RIE). An inert gas plasma was supported by 60 sccm Ar at 1 mtorr and 300 W of coil power, while the Ar ions were accelerated to the sample surface with an 800 W platen bias power. The resulting ion bombardment etch removes the 180 nm of surface SOG, along with the portions of the SWCNTs that extended along the PAA surface, in 80 s. Use of fluorine-based chemical etchants for removing the silicate-based SOG proved to etch the v-SWCNTs within the PAA, completely removing them. Thus, the inert gas ion bombardment etch is important for the protection of the v-SWCNTs while planarizing the template surface. Continued ion bombardment etching past 80 s removes the PAA/v-SWCNT template at a vertical rate of 40 nm/min as determined from 42 etching trials with different etching times. After the etch, the top of the SOG within the nanopores is relatively level with the PAA surface.
III. CONTROL OF NANOTUBE LENGTH
Evaporation of 8 nm Pd/20 nm Ti/60 nm Au top contacts of various sizes completes the fabrication of the two-terminal devices. Fig. 2(a) illustrates the final SWCNT length (L CNT ) in these devices, which is defined from the top of the Pd nanowire source contact to the top of the PAA template. L CNT has been controlled by a combination of the initial top Al layer thickness (300 nm in the present case) and the ion bombardment etch time on the PAA/v-SWCNT template. The accuracy of controlling L CNT from device to device by the top Al thickness strongly depends on the uniformity of the Al film. Because these are thin films, common planarizing processes such as chemical mechanical polishing and electropolishing are not possible because they would require a much thicker Al layer. Therefore, the roughness of the Al film is determined solely by the deposition process, which was thermal evaporation in this case with a surface roughness around 40 nm, as determined from cross-sectional SEMs of the deposited film. Typically, even with the smoothest achievable Al surface, the control of the v-SWCNT length from device to device will not be less than 30 nm because of the variation in etching the Al pits and the subsequent expansion of the film during transition from Al to alumina. However, control of the length from sample to sample by varying the initial Al thickness can be accomplished with reasonable accuracy as long as the expansion factor is taken into account.
The ion bombardment etch, however, yields very accurate control over the v-SWCNT length as compared to simply varying the Al thickness. Notably, the etch rate of the surface SOG (2.25 nm/s) is more than three times faster than the etch rate of the PAA/v-SWCNTs (0.67 nm/s). This rate difference enables close control in defining the v-SWCNT length. As seen in the SEM of Fig. 2(b) , the final L CNT is also affected by the uniformity of the Pd nanowire height, and the roughness of the initial substrate and underlying films. Taking these factors into consideration, the ion bombardment etch has produced nanoscale v-SWCNT lengths with a variability of ±10 nm from device to device, as determined from cross-sectional SEMs over hundreds of devices. Fig. 3 shows cross-sectional SEMs of several different v-SWCNT device structures with lengths from 50 to 260 nm that have been defined using the ion bombardment etch for different durations. In the context of fabricating CNT FETs (CNTFETs), achieving a channel length between 50 and 70 nm should not produce substantial operational differences [14] , [15] , considering that the low-field transport at this length is ballistic in defect-free CNTs [16] . Also, it has been shown that channel lengths between 50 and 150 nm are optimal for CNTFETs (with top gates) to avoid short-channel effects while still maintaining ballistic transport [14] , [15] , [17] .
IV. RESULTS AND DISCUSSION
Electrical characteristics from a two-terminal v-SWCNT device consisting of one metallic and one semiconducting nanotube are shown in Fig. 4 . The dimension of the top contact for all devices tested is 10 µm × 10 µm, which yielded between zero and two v-SWCNTs per device (the density of nanotubes was purposely kept low to achieve devices consisting of a single v-SWCNT). Initially, the device in Fig. 4 exhibits nearly symmetrical, linear I-V characteristics. When a high bias is swept, the conductance drops abruptly by over an order of magnitude corresponding to the breakdown (burn out) signature of a metallic tube as observed previously in planar devices [18] , [19] . Importantly, the conductance does not drop to zero, but rather remains at a few tenths of a microSiemen. This conductance is attributed to the remaining semiconducting v-SWCNT as observed by the red I-V curve in Fig. 4(a) that was obtained after burn out of the metallic nanotube. The nonlinear behavior results from Schottky barriers (SBs) at the contacts to the semiconducting nanotube. While SBs are typically small for pchannel transport in Pd-contacted nanotubes, they can still be present [20] . Also, the slight asymmetry in this I-V characteristic suggests a disparity in the SB height between the two contacts [21] (examined in greater detail in relation to Fig. 6 ). A final high bias sweep burns out the semiconducting v-SWCNT, shown as the red curve in Fig. 4(b) .
With a v-SWCNT length below 300 nm (close to the mean free path for acoustic phonon scattering) [16] , [22] , a defectfree, metallic nanotube should be ballistic and exhibit a low-bias conductance near the theoretical limit of 4e 2 /h (154.8 µS) [23] . The substantially lower conductance observed here is attributed to the series and contact resistances in the device. Perhaps, the main contribution is the thin alumina barrier at the bottom of each nanopore in the PAA template [6] , which would create a large series resistance between the Pd nanowire and the underlying Ti layer. The low conductance of the semiconducting v-SWCNT is attributed to the normally OFF nature of semiconducting nanotubes in terms of band positions under no gate bias [illustrated in Fig. 6(b) ]. The same conductance range was observed in more than 60 other semiconducting v-SWCNT devices from several samples (see Fig. 5 ). Significantly, the conductance did not show strong dependence on the v-SWCNT length with the L CNT below ≈300 nm. Devices with lengths in the range 50-260 nm were studied. Out of 94 devices tested, 78 contained at least one v-SWCNT, leaving 16 without any nanotubes. Furthermore, only four of the 78 devices contained any metallic nanotubes-the statistical yield based on the chiral vector is one-third metallic nanotubes from a CVD growth [24] . Therefore, this result suggests a possible selectivity toward semiconducting nanotubes and further implies a greater yield of singleversus double-walled nanotubes by employing a thinner catalyst layer than in previous studies [7] . The final eight devices contained more than one semiconducting nanotube-after the first nanotube burned out, the device retained some conductance. However, dielectric breakdown of the SOG occurred at around 10 V before the remaining nanotube(s) could be burned out and counted. Fig. 6 (a) displays the I-V characteristics of a single semiconducting v-SWCNT device. The orange curve was obtained using the top contact as the drain (normal configuration), while the purple curve was obtained with the contacts reversed. It is important to note that this semiconducting v-SWCNT is operat- ing in the OFF state; therefore, the hole current under the applied negative drain bias will be hindered in transporting from the source to the drain by the barrier in the bulk. Furthermore, the difference in current between this device and the semiconducting one in Fig. 4(a) is attributed to a variation in the band gap of the semiconducting nanotubes. The band gap is inversely proportional to nanotube diameter, and it is likely that the SWCNT diameters vary from device to device and within a given device. Smaller diameter nanotubes have larger band gaps, and correspondingly less conductance, especially because there is very little modulation of the thermal barrier in the channel of these devices (i.e., larger band gap devices exhibit lower current in the OFF state). Additionally, the larger band gap devices will have larger SBs, further reducing the current. Other variabilities, such as different alumina barrier thicknesses at the pore bottoms, could affect the series resistance and also alter the current.
The disparity between the two curves in Fig. 6 (a) suggests a difference in the metal-SWCNT transport properties at the top and bottom contacts. The most obvious cause for such a contrast would be a disparity in the SB height at the contacts, which would cause a difference in current due to the exponential dependence of the current on the SB height [21] , [25] . A factor that is likely contributing to the SB height difference is the use of electrodeposited Pd for the bottom contact, which may have a different work function than evaporated Pd. Because there is virtually no Fermi level pinning in metal-CNT contacts [26] , this work function difference would produce a difference in SB height. In addition to the work function, the unique geometry of the contacts may also contribute to the disparity in current levels. For instance, the Pd nanowire bottom contact is formed around the v-SWCNT within the nanopore, which allows for transport to occur only between the metal and sidewalls of the nanotube. In contrast, the top contact is deposited directly to the tip of the v-SWCNT [see Fig. 2(a) ], possibly enabling improved transport between the metal and the opened carbon bonds that were created during the ion bombardment etch. While the top contact may have a smaller overlap on the nanotube compared to the bottom contact, it has been suggested that the transport between a contact metal and SWCNT is dominated by the edge of the contacted region [27] , but this opinion is not accepted universally. In fact, Knoch et al. have shown that both the metal work function and the metal-SWCNT coupling determine the transport properties at a metal-SWCNT junction [28] . A certain length of metal-SWCNT sidewall contact is necessary to obtain a desired coupling-too strong of a coupling could severely hamper the carrier transport. Thus, the short sidewall contact length exhibited in the present device may be causing a degradation of the current.
Qualitative band diagrams for a possible configuration of the semiconducting device are shown in Fig. 6(b) and (c) with operation under the two different contact configurations and the assumption that the SB at the bottom contact is substantially larger than the SB at the top contact. The absence of a gate on these fully depleted devices causes the screening length over which the potential will drop to be very large, resulting in an approximately linear drop of V ds across the nanotube [28] . A V ds of −1 V was chosen for comparison because it corresponds to a point at which the characteristics differ strongly with one another. When the drain bias is applied to the top contact, the hole current from the source is suppressed by the SB, requiring a substantial V ds at the drain in order to sufficiently thin the barrier and allow for carriers to tunnel through. With the drain at the bottom contact, the smaller SB to the valence band on the source-end allows for holes to flow from the source more freely than in the prior configuration. This effect is evident both in the faster rise of the associated purple I-V in Fig. 6(a) and the larger resulting current at V ds = −1 V. Note that the SB to the conduction band in either configuration is large enough to be deemed insurmountable by electrons at the drain with low V ds .
These templated v-SWCNTs offer several benefits in nanoelectronic applications. First, the v-SWCNT length can be scaled down without the use of lithography. Variation of the ICP-RIE ion bombardment etch time (rate of 40 nm/min) provides good control over L CNT , which in the context of fabricating CNTFETs would serve as the device's channel length. Fig. 3 shows SEMs that demonstrate the scaling of L CNT using the ion bombardment process. Additionally, the length scaling is accomplished for all devices on a chip in a single step compared to the typical use of EBL to write each individual device one at a time. Another benefit of the v-SWCNT structure is the ability to obtain individual channels of v-SWCNTs that are wrapped in a dielectric (SOG in this case). While SOG was used as a dielectric support for the nanotubes herein, the v-SWCNTs could alternatively be coated with a high-κ dielectric using atomic layer deposition (ALD) [29] . When fabricating multinanotube devices for interconnects or FETs, the individual channels of vSWCNTs will minimize deleterious charge screening between nanotubes that other configurations encounter as the nanotubes become more closely packed and bundled [3] - [5] . In fact, the achievable density of nanotubes in the v-SWCNT templates is an order of magnitude greater than the best density reported to date for planar configurations-assuming a channel length of 100 nm and an additional loss of 1 µm 2 for contact metallization in the planar geometry. Other benefits include the ability to use these v-SWCNT templates for fabricating surround-gated vertical CNTFETs [30] , [31] , creating ordered arrays of v-SWCNTs of adjustable density, or even using the v-SWCNT tips as probes for biological interfacing [32] . A recent modeling study [31] has shown that the presence of a gate underlap (which would be difficult to avoid in a vertical CNTFET geometry) actually suppresses ambipolar conduction and enables I-V characteristics better suited for digital applications.
To provide additional verification of the presence of semiconducting nanotubes in the v-SWCNT templates, planar CNTFETs were fabricated from the nanotubes. On the Si support substrate used for this portion of the study, each field of PAA was surrounded by a region of 200-nm-thick SiO 2 using a process reported previously [33] . In this case, the SWCNTs were grown for a longer time (15 min as opposed to 1 min for low density growth), which caused them to extend out of their pores and along the PAA surface [see Fig. 7(a) ], and eventually over the SiO 2 regions. Finally, Pd source and drain contacts were lithographically defined to contact the SWCNTs on the SiO 2 surface. The Si substrate was used as a back gate during measurement, as illustrated in Fig. 7(a) . The final devices contained long channels (3 µm), which caused them to operate in the diffusive transport regime. However, these devices were sufficient for identifying the semiconducting nature of the SWCNTs by use of the back gate. Fig. 7(b) shows the subthreshold characteristics from two representative devices, which exhibit an I ON /I OFF ratio of over five orders of magnitude. The divergence in threshold voltage between the two devices is partially attributed to the lack of passivation, which has been noted in the past to cause a shift in threshold [34] . Note that the threshold for these devices will be different from the completely vertical SWCNT devices where the SWCNTs are supported in (and thus passivated by) a dielectric. We also note that the device geometries of this and the vertical two-terminal devices discussed before are different enough to preclude a quantitative comparison of their electrical characteristics; however, it is interesting that the current levels at V gs = 0 V and V ds = −1 V are quite comparable between the single semiconducting nanotube devices in Figs. 4(a) and 7(b) . In the rare case that a metallic nanotube was present in these planar CNTFETs (only one out of 30 devices tested contained any metallic SWCNTs), the current changed less than one order of magnitude under the same applied gate bias. Furthermore, biasing the semiconducting nanotubes into the OFF state allowed for the selective breakdown of the metallic nanotubes with a high bias sweep [19] .
V. CONCLUSION
Bringing SWCNTs closer to large-scale integration requires greater control over their placement and properties. These selfaligned arrays of v-SWCNTs templated in highly ordered PAA provide a simple and robust platform that could provide a basis for realizing practical SWCNT nanoelectronics. A new method for producing thin-film PAA templates with long-range ordered nanopores at a spacing of 100 nm has been presented. Each nanopore serves as a v-SWCNT channel containing a single SWCNT that is individually wrapped in a dielectric to minimize charge screening from other nearby SWCNTs. The ability to control the length of the v-SWCNTs (lengths between 50 and 260 nm were demonstrated) using a standard RIE etch process suggests a path toward manufacturing aggressively scaled CNTFETs that do not require advanced, expensive, and lowthroughput lithography to define nanoscale channel lengths. Furthermore, these templates of v-SWCNTs provide a platform for fabricating surround-gated CNTFETs, which would have ideal gating electrostatics [17] for optimal transistor performance. 
